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We report a comparative study on spectral and morphological properties of two blend
systems for polymer solar cells: the donor material poly(3-hexylthiophene) (P3HT) in
combination with the acceptor material of either [6,6]-phenyl-C61 butyric acid methyl
ester (PCBM) or indene-C60 bisadduct (ICBA) that was reported to enhance efﬁciencies of
polymer solar cells. Optical microscopy and grazing incidence X-ray scattering reveal the
stronger tendency of PCBM to from larger and more ordered domains/grains than ICBA
either in pure or blend ﬁlms. Compared to PCBM, the presence of ICBA also substantially
perturbs the organization and longer-range ordering of P3HT in increasing the ICBA ratio
in blends. With larger and more ordered phase-separated domains, the P3HT/PCBM blend
ﬁlms exhibit signiﬁcant optical scattering at higher PCBM ratios. Yet, such optical scatter-
ing is not signiﬁcant for P3HT/ICBA blends (even with high ICBA ratios). Overall, results
here suggest the reported higher efﬁciencies of P3HT/ICBA solar cells (vs. P3HT/PCBM cells)
cannot be attributed to larger and/or more ordered phase-separated donor–acceptor
domains and other characteristics play more important roles in this case.
 2012 Elsevier B.V. All rights reserved.1. Introduction introduced to increase areas of D–A interfaces for ensur-Organic photovoltaics (OPVs) have attracted wide
attention in recent years due to their potential advantages
in fabrication, cost, and mechanical ﬂexibility [1–3]. The
energy conversion process in OPVs typically involves exci-
ton generation upon light absorption, exciton diffusion and
then dissociation of excitons into free carriers at the
donor–acceptor (D–A) interface, and ﬁnally transport of
carriers to their respective electrodes [1–3]. To achieve
high conversion efﬁciencies, polymer bulk-heterojunctions
(BHJ) composed of nanoscale interpenetrated (phase-
separated) domains of donor and acceptor materials are. All rights reserved.
x: +886 2 33669404.
. Wu).ing effective exciton diffusion to such interfaces, mean-
while providing transport paths for carrier transport/
extraction to electrodes [4]. Among various D–A materi-
als, poly(3-hexylthiophene) (P3HT) as a donor and [6,6]-
phenyl-C61 butyric acid methyl ester (PCBM) as an accep-
tor are the most widely studied D–A combination [5–14],
in considering light harvesting, carrier generation and
carrier transport. Regioregular P3HT are known to have
strong tendency of forming self-organized structure in
thin ﬁlms, which could be further enhanced upon appro-
priate treatments (e.g. thermal annealing, solvent anneal-
ing, etc.) [6–12]. More ordered molecular packing
beneﬁts charge transport (i.e., higher mobility) and
absorption at longer wavelengths due to enhanced inter-
chain interactions [6]. In BHJs, such treatments induce
not only re-crystallization but also inter-diffusion of D/A
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nanoscale phase separation and interpenetration of do-
nors and acceptors that is essential and critical to high-
efﬁciency BHJ OPVs [13,14].
Recently, a few reports show that replacing PCBM with
a new C60-based acceptor material indene-C60 bisadduct
(ICBA) in the P3HT/fullerene system could substantially
improve the conversion efﬁciency of the solar cells
[15–18]. Compared to PCBM, ICBA has more facile synthe-
sis, higher solubility in common organic solvents, and
stronger visible absorption for better light harvesting in
the photovoltaic process. ICBA also exhibits a higher LUMO
level than PCBM [15–18], which contributes to the higher
open-circuit voltage of the P3HT/ICBA photovoltaic cell.
In addition to the above properties, the detailed morpho-
logical properties of the donor–acceptor composites would
also be essential in understanding the difference in perfor-
mance between the P3HT/PCBM system and the relatively
new P3HT/ICBA system. Although there have been numer-
ous studies of the morphological properties of the P3HT/
PCBM system, yet thus far the morphological study on
the P3HT/ICBA system is sparse [19]. To acquire better
understanding and useful information, in this work, a com-
parative study on morphological and related properties of
the P3HT/PCBM and the P3HT/ICBA systems is conducted.2. Experiments
2.1. Preparation of polymer/fullerene ﬁlms
The structures of P3HT, PCBM, and ICBA used in this
study are shown in Fig. 1. Regioregular P3HT(average
molecular weight = 55–60 K, regioregularity = 95%, PDI
2.0), PCBM, ICBA were purchased from Rieke Metals Inc.,
Nano-C, and Luminescence Technology Corp., respectively,
and were used as received. The pure or blend P3HT/fuller-
ene solutions having different P3HT and fullerene weight
ratios [P3HT: fullerene (PCBM or ICBA) = 1:0, 3:1, 2:1,
1:1, 1:2, 1:3, 0:1] were all prepared using chlorobenzene
as the solvent and a total weight concentration of 20 mg/
mL. The solutions were thoroughly stirred and shaken at
the room temperature before use for ﬁlm coating. Pure or
blend thin-ﬁlm samples of P3HT/fullerene for various stud-
ies were prepared by spin-coating (at 700 rpm) on Corn-
ing E2K glasses, with the average ﬁlm thickness ofFig. 1. Molecular structures of120 nm. For samples subjected to annealing, the anneal-
ing was conducted at 150 C (the annealing temperature
usually used for BHJ polymer solar cells) for 20 min.2.2. Characterization of polymer/fullerene ﬁlms
A UV–vis spectrophotometer (V-670, JASCO) equipped
with an integrating sphere was used to characterize the
transmittance, reﬂection and absorption spectra of pure
or blend P3HT/fullerene ﬁlms. Since some thin-ﬁlm sam-
ples of P3HT/fullerene blends showed optical scattering
properties, in this work, two types of transmittance were
characterized: the total transmittance (Ttotal) and the direct
transmittance (Tdirect). Ttotal was measured by using a
monochromatic light beam normally incident onto sample
and then using an integrating sphere to collect transmitted
light over all angles. On the other hand, Tdirect was mea-
sured by using a monochromatic light beam normally inci-
dent onto the sample and then collecting transmitted light
only in the normal direction (within a 5 collection angle).
The difference between Ttotal and Tdirect reveals whether the
ﬁlm is optically scattering. Similarly, two types of reﬂec-
tance were characterized: the total reﬂectance (Rtotal)
collected with the integrating sphere and the direct reﬂec-
tance (Rdirect) collected within a 5 collection angle. Since
some thin-ﬁlm samples of P3HT/fullerene blends showed
optical scattering properties, the determination of optical
absorption properties of ﬁlms requires special attention.
Instead of determining the actual absorptance (A) of
various ﬁlms from the normal transmittance directly (i.e.,
A = 1Tdirect), the absorptance A was determined by ﬁrst
measuring Ttotal and Rtotal and then by A = 1TtotalRtotal.
The morphologies and nanostructures (e.g. intermolec-
ular structures and orientations etc.) of various pure and
blend P3HT/fullerene ﬁlms were investigated by grazing
incidence X-ray scattering (GIXS). Compared to other con-
ventional techniques of morphological characterizations
(e.g. atomic force microscopy-AFM, scanning or transmis-
sion electron microscopy-SEM/TEM etc.), GIXS has the par-
ticular advantage of being able to provide structural/
morphological information of a thin ﬁlm at different scales
[20–27], instead of being limited to just local observation
or sample preparation (e.g. in AFM, SEM, TEM etc.). Fig. 2
illustrates the conﬁguration of the GIXS measurement,
which was conducted at the BL17A end station of theP3HT, ICBA, and PCBM.
Fig. 2. Schematic illustration of the GIXS measurement. hIN denotes the incident angle, 2h the diffraction angle, OOP the out-of-plane direction, and IP the
in-plane direction. QXY and QZ are the components of the scattering vector along the IP and OOP directions, respectively.
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Taiwan. The 9.3-keV beam having a beam diameter of
1 mm was incident with and angle of incidence (hIN) of
0.1 degree. The 2D scattering images were collected by a
MAR CCD detector array, with a sample-to-detector dis-
tance of 217 mm. The samples were kept at room temper-
ature in air during irradiation and GIXS image collection. In
Fig. 2, hIN denotes the incident angle, 2h the diffraction an-
gle (relative to the sample-detector axis), OOP the out-
of-plane direction relative to the sample surface, and IP
the in-plane direction relative to the sample surface. QXY
and QZ are the components of the scattering vector Q along
the IP and OOP direction, respectively, where Q = 4psin(h)/
k and k = the X-ray wavelength.
3. Results and discussion
3.1. Spectral properties and optical microscopy of pure and
blend P3HT/fullerene ﬁlms
Fig. 3 shows the absorption spectra of the pure and an-
nealed P3HT, PCBM and ICBA thin ﬁlms (with average
thicknesses of 120 nm).In general, P3HT shows strong
absorption between 400 and 650 nm, while stronger
absorption of PCBM and ICBA mainly occurs in the UVFig. 3. Absorption spectra of pure P3HT, ICBA and PCBM ﬁlms.region. Compared to PCBM, ICBA exhibits stronger absorp-
tion in both the UV and visible regions, which is consistent
with results of previous reports and is thought to be bene-
ﬁcial to light harvesting and photovoltaic conversion efﬁ-
ciencies [16,28].
In characterizing absorption spectra of P3HT/fullerene
blend ﬁlms of various ratios, initially a typical and straight-
forward approach of A = 1Tdirect (A = absorptance, Tdirect =
direct transmittance) was adopted. Fig. 4 shows the
absorptance spectra of the various annealed pure and
blend P3HT/PCBM ﬁlms obtained this way. While these
absorptance spectra roughly resemble the combination of
P3HT and PCBM absorption, it is noticed that there is sig-
niﬁcant absorptance extended to wavelengths beyond
650 nm that does not exist in both pure P3HT and pure
PCBM ﬁlms. Since it occurred over a wide wavelength
range, it was suspected that the blend ﬁlms might possess
optical scattering properties. This is plausible since the
phase separation of the blend and the formation of inter-
penetrating domain networks would result in optically
inhomogeneous ﬁlms, which in turn could induce optical
scattering if the domain sizes are comparable to optical
wavelengths.
In consideration of the possibility of optical scattering,
in addition to the more straightforward measurement ofFig. 4. Absorptance spectra of pure and blend P3HT:PCBM ﬁlms extracted
from the direct transmittance (Tdirect).
Fig. 5. Direct and total transmittance spectra of the P3HT:PCBM and
P3HT:ICBA blend ﬁlms having different P3HT:fullerene weight ratios.
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was also measured using the integrating sphere. Fig. 5shows the Tdirect and Ttotal spectra of the P3HT/PCBM and
the P3HT/ICBA blend ﬁlms of various ratios. It is seen that
while both Tdirect and Ttotal spectra of P3HT/ICBA blend
ﬁlms remain rather close over the blend ratios investi-
gated, yet larger differences in Tdirect and Ttotal spectra are
observed for P3HT/PCBM blend ﬁlms having larger PCBM
ratios. Such optical results strongly suggest larger phase-
separation domains (and lower miscibility of component
materials) in the P3HT/PCBM system (at least at higher
PCBM ratios), compared to the P3HT/ICBA system.
Such a speculation indeed is supported by the optical
microscopy (OM) observation of various P3HT/PCBM and
P3HT/ICBA blend ﬁlms. Fig. 6 shows the OM images of
P3HT/PCBM and P3HT/ICBA blend ﬁlms having different
composition ratios. For the P3HT/PCBM system, in increas-
ing the PCBM weight ratio to 50%, aggregate domains (un-
der OM) becomes clearly visible, coincident with the
appearing of the signiﬁcant optical scattering in the trans-
mittance spectra shown in Fig. 5. It had been reported that
with increasing the PCBM fraction in the blend ﬁlm, PCBM
molecules tend to form larger clusters and leave larger
depletion regions for recrystallization of P3HT [29]. Under
annealing (thus with a driving force to accelerate PCBM
diffusion and aggregation), PCBM clusters can grow up to
a scale of tens to hundreds of micrometers in length [30],
consistent with OM observations shown in Fig. 6. In con-
trast to the P3HT/PCBM system, in the OM images of the
P3HT/ICBA blend ﬁlms, there are no clearly visible phase-
separation/aggregate domains under the OM resolution
(i.e., 100 nm), strongly suggesting the miscibility and
morphologies in P3HT/ICBA blends could be very different
from those of P3HT/PCBM blend ﬁlms and explaining why
the P3HT/ICBA blend ﬁlms do not exhibit signiﬁcant opti-
cal scattering (even up to a high ICBA weight ratio) as
the P3HT/PCBM ﬁlms.
By taking into account optical scattering properties of
P3HT/fullerene ﬁlms, the optical absorptance spectra of
various pure and blend P3HT/PCBM and P3HT/ICBA ﬁlms
were carefully determined by ﬁrst measuring the total
transmittance Ttotal and the total reﬂectance Rtotal and then
obtaining the actual absorptance A by A = 1TtotalRtotal.
Fig. 7(a) shows the absorptance spectra of various pure
and blend P3HT/ICBA ﬁlms, and Fig. 7(b) shows the absorp-
tance spectra of various pure and blend P3HT/PCBM ﬁlms.
By comparing absorptance spectra of P3HT/PCBM in
Fig. 7(b) and Fig. 4, one sees that by carefully taking into
account optical scattering of blend ﬁlms, all the absorp-
tance spectra of pure and blend ﬁlms now land on a same
base line for wavelengths larger than 650 nm. The absorp-
tance spectra thus obtained can now represent the true
and actual absorption in ﬁlms. The optical/spectral studies
here thus have a signiﬁcant implication. In studying the
optical properties of BHJ polymer/organic solar cells, to ob-
tain correct and physically meaningful results, it is crucial
to take into account possible optical scattering effects,
since BHJ is typically composed of donor and acceptor do-
mains, which in turn implies potential optical inhomoge-
neity relative to the scale of optical wavelengths.
In both Fig. 7(a) and (b), distinct absorption from P3HT
can be seen in P3HT/fullerene blend ﬁlms with higher
P3HT weight ratios. It has been known that the interchain
Fig. 6. OM images of the P3HT:PCBM and P3HT:ICBA blend ﬁlms having different P3HT:fullerene weight ratios.
Fig. 7. Absorptance spectra of pure and blend (a) P3HT:ICBA, and (b)
P3HT:PCBM ﬁlms having different weight ratios.
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packing and gives rise to distinct vibronic features (e.g.
between 600 and 500 nm etc., particularly longer-wave-
length ones) in absorption spectra of P3HT ﬁlms [13]. Thus
the intensities of these P3HT vibronic features in absorp-
tion of blend ﬁlms may somewhat reveal the overall crys-
tallinities/ordering of P3HT in the blend ﬁlms [31]. Withreducing the weight ratios of P3HT, the absorption inten-
sity from P3HT drops in both P3HT/PCBM and P3HT/ICBA
ﬁlms. However, a faster reduction of P3HT absorption is
seen in the P3HT/ICBA blend ﬁlms upon decreasing the
P3HT weight ratio. It suggests that using ICBA as the accep-
tor appears to interfere or disrupt the interchain packing of
P3HT more signiﬁcantly than PCBM. To further understand
such difference, GIXS was used to comparatively investi-
gate the molecular packing/ordering, orientation, and crys-
tallinity of pure and blend P3HT/PCBM and P3HT/ICBA
ﬁlms.
3.2. GIXS analyses of pure and blend P3HT/fullerene ﬁlms
Fig. 8(a) shows the 2D GIXS images of the pure and an-
nealed P3HT ﬁlms. P3HT has a strong tendency to crystal-
lize upon annealing and clear peaks associated with
molecular packing are observed in the GIXS images.
(100) and higher-order (200) and (300) reﬂections are
associated with the lamella layer structure (i.e., layers of
P3HT backbones/hexyl side chains), while the (010) reﬂec-
tion is associated with p–p interchain stacking (i.e., the
face-to-face stacking of thiophene backbones) [32].
Fig. 8(a) reveals that the (100) axis is along the out-of-
plane (OOP) orientation (i.e., normal to the substrate/ﬁlm
surface) and the (010) axis is along the in-plane (IP) orien-
tation (i.e., in the plane of the substrate/ﬁlm). Based on
such GIXS patterns, Fig. 8(b) schematically illustrates the
molecular packing structure in the self-organized, crystal-
line P3HT ﬁlms. With hexyl side chains perpendicular to
the substrate, such a stacking structure has the so-called
edge-on orientation. The (100) reﬂection occurs at
|QZ| = 0.38 Å1 (i.e., 2h4.7), indicating a d-spacing of
16.7 Å for P3HT lamellae. One also notices that there is
a spread of the scattering patterns in the azimuthal man-
ner, which is associated with the distribution of molecular
inclination with respect to the substrate [33].
Fig. 9 shows 2D GIXS images of the as-coated and an-
nealed ﬁlms (annealed at 150 C) of pure PCBM and ICBA.
Both GIXS images of as-coated PCBM and ICBA ﬁlms exhi-
bit only broad and isotropic rings at 2h20, indicating
Fig. 8. (a) The 2D GIXS pattern of the pure and annealed P3HT ﬁlm. (b)
Schematic illustration of the lamellar stacking of P3HT chains in the edge-
on orientation.
Fig. 9. 2D GIXS patterns of as-coated and annealed pure PCBM and ICBA
ﬁlms.
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tiny crystallites as coated. After annealing, the PCBM ﬁlm
shows several distinct GIXS peaks, indicating crystalliza-
tion of PCBM upon annealing. The appearing of GIXS peaks
at certain speciﬁc locations (in the GIXS images) instead of
being an isotropic ring indicates the crystallization occurs
with preferential orientations. It further suggests the
aggregation of PCBM molecules (during annealing) is asso-
ciated with heterogeneous nucleation at the substrate
interface [25]. In contrast to PCBM, the GIXS image of the
annealed ICBA ﬁlm still exhibits only a broad and isotropic
ring, indicating ICBA molecules have much weaker ten-
dency to aggregate and crystallize. Such results are consis-
tent with spectral and OM studies of the P3HT/fullerene
blend ﬁlms (Figs. 5 and 6). This may be associated with
the nature of the ICBA molecular structure, which is a
bisadduct fullerene with two indene side groups. Depend-
ing on positions of two indene side groups, ICBA could have
variety of isomer forms [34], whose distribution and vari-
ation could introduce disorder and perhaps would hinder
aggregation/crystallization of ICBA molecules.
Fig. 10 shows the 2D GIXS images of P3HT/PCBM blend
ﬁlms with varied ratios. (100) and higher-order (200) and
(300) reﬂections from P3HT are observed in samples of all
blend ratios and still occur in the out-of-plane orientation.
Such results indicate that in the P3HT/PCBM blend ﬁlms,
even to a high PCBM ratio, phase-separated P3HT domains
still exhibit a self-assembled lamella structure with P3HT
backbones roughly parallel to the substrate and the hexyl
side chains perpendicular to the substrate (i.e., edge-on
conﬁguration), similar to the case of pure P3HT ﬁlms. Nev-
ertheless, the intensities of higher-order (200) and (300)
reﬂections relative to that of the (100) reﬂection decreasein increasing the PCBM ratio, suggesting the long-range or-
der of P3HT crystallization is affected by appearance of
PCBM. Meanwhile, with the PCBM ratio increased above
50%, the halo ring associated with PCBM exhibits some
directional feature, indicating segregation and crystalliza-
tion of PCBM with preferential orientations even in the
blend ﬁlms, consistent with OM and spectral observations
discussed previously.
Fig. 11 shows the 2D GIXS images of P3HT/ICBA blend
ﬁlms. (100) and higher-order (200) and (300) reﬂections
from P3HT are observed in the out-of-plane orientation
in samples having lower ICBA ratios, indicating a lamella
structure and an edge-on conﬁguration. Yet one sees that
the intensities of higher-order (200) and (300) reﬂections
and even the (100) reﬂection drop rather fast in increasing
the ICBA ratio. With the ICBA ratio above 50%, even the
(100) reﬂection vanishes. Such results suggest that in the
Fig. 10. 2D GIXS patterns of P3HT:PCBM blend ﬁlms having different
weight ratios.
Fig. 11. 2D GIXS patterns of P3HT:ICBA blend ﬁlms having different
weight ratios.
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P3HT would be substantially disrupted by ICBA. Unlike
the PCBM case, along with degradation of P3HT packing,
the halo ring associated with ICBA still remains isotropic
and does not reveal sign of crystallization or preferential
orientation when increasing the ICBA ratio. Again, these
characteristics are still attributed to the difference inmolecular structures between PCBM and ICBA, which
could intrinsically inﬂuence the diffusion/segregation and
crystallization/aggregation capability of respective mole-
cules. Depending on positions of two indene side groups,
ICBA could have variety of isomer forms [34], whose distri-
bution and variation could introduce disorder and perhaps
would hinder aggregation/crystallization of P3HT and ICBA
molecules themselves. With poorer organization/crystalli-
zation of P3HT in P3HT/ICBA blends, the lower intensity
2340 Y.-H. Lin et al. / Organic Electronics 13 (2012) 2333–2341of the 600-nm vibronic feature in the absorption spectra of
the P3HT/ICBA blend ﬁlms Fig. 7(a), which is associated
with P3HT interchain interactions, could be understood.
Overall, from comparative GIXS morphological studies
of various pure and blend ﬁlms, one concludes that ICBA
molecules exhibit weaker tendency to form larger and/or
more organized domains in either pure or blend ﬁlms,
compared to PCBM. Furthermore, the presence of ICBA also
interferes organization of P3HT and tends to degrade
ordering and packing of P3HT in blend ﬁlms. Such results
suggest the reported higher efﬁciencies of P3HT/ICBA solar
cells (vs. P3HT/PCBM cells) apparently cannot be attrib-
uted to larger and/or more ordered phase-separated donor
and acceptor domains in the blends and other characteris-
tics (e.g. different donor–acceptor energy-level alignment
etc.) play more important roles in this case. It further sug-
gests that larger and/or more ordered phase-separated do-
nor and acceptor domains do not necessarily warrant
higher performance in organic PVs. The morphological
optimization conditions may vary among materials having
different characteristics, depending on detailed tradeoffs
between exciton diffusion, exciton dissociation, charge
transport/extraction, and charge recombination etc. For in-
stance, although the more ordered edge-on orientation is
good for charge transport in the horizontal (in-plane or
pi–pi stacking) direction, yet it is not good for vertical
charge transport [35]. In that sense, the less ordered and/
or smaller P3HT grains in P3HT/ICBA systems may indeed
be beneﬁcial for exciton dissociation (due to larger D–A
interfacial areas) and be beneﬁcial for charge transport
along the vertical direction between electrodes. The weak-
er tendency of ICBA to segregate and to from larger orga-
nized domains may also have positive impacts to
stability of BHJ solar cells, since it may prevent further
phase separation and growth of D–A domains during de-
vice operation.4. Conclusion
In conclusion, we report a comparative study on spec-
tral and morphological properties of two blend systems
for polymer solar cells: the donor material P3HT in combi-
nation with the acceptor material of either PCBM or ICBA
that was reported to enhance efﬁciencies of polymer solar
cells. Optical microscopy and grazing incidence X-ray scat-
tering reveal the stronger tendency of PCBM to from larger
and more ordered domains/grains than ICBA either in pure
or blend ﬁlms, while molecular structures/characteristics
of ICBA appear to hinder its forming larger/more ordered
domains/grains in pure and blend ﬁlms. Compared to
PCBM, the presence of ICBA also substantially perturbs
the organization and longer-range ordering of P3HT in
increasing the ICBA ratio in blends. With larger and more
ordered phase-separated domains, the P3HT/PCBM blend
ﬁlms exhibit signiﬁcant optical scattering at higher PCBM
ratios. Yet, such optical scattering is not signiﬁcant for
P3HT/ICBA blends (even with high ICBA ratios). Overall,
results here suggest the reported higher efﬁciencies of
P3HT/ICBA solar cells (vs. P3HT/PCBM cells) cannot be
attributed to larger and/or more ordered phase-separateddonor–acceptor domains and other characteristics play
more important roles in this case. It further implies the
morphological optimization conditions may vary among
materials having different characteristics.Acknowledgements
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